Abstract-Theoretical model of a rough interface in a superconductor with d-wave symmetry of the order parameter is proposed. The surface roughness is introduced by means of a surface layer with small electronic mean free path. The proximity effect between such a layer and a bulk d-wave superconductor is studied theoretically in the framework of the quasiclassical Eilenberger theory. It is shown that as a result of strong scattering in the interlayer the d-wave component of the order parameter near the interface is reduced while the s-wave component localized near the interface is generated. Angular and spatial structure of the pair potential and the electronic density of states near the interface is calculated. The interplay of the zeroenergy (midgap) and finite-energy bound states leads to peculiarities in the energy dependence of the angle-averaged density of states. We argue that the model is relevant for the description of rough interfaces in high Tc superconductors. In the framework of the present approach we calculate the Josephson critical current for several types of junctions with rough interfaces.
I. INTRODUCTION
There is accumulating experimental evidence that the behavior of high temperature superconductors (HTS) can be understood in terms of the d-wave pairing scenario rather than in the conventional s-wave picture. On the other hand it is well known that the d-wave order parameter is strongly reduced by electron scattering at impurities and therefore can be formed only in clean materials. However, the condition of clean limit is not fulfilled in the vicinity of the grain boundaries or other HTS interfaces even if these materials are clean in the bulk. There are at least two reasons for that. The first is that quasiparticle reflection from realistic interfaces is diffusive rather than specular, thus providing isotropization in momentum space and suppression of the d-wave component of the order parameter. The second reason is the contamination of the material near interfaces as a result of fabrication process or electromigration in large scale application devices.
Therefore the formation of a thin disordered layer near a HTS surfaces and interfaces is highly probable. An important question is whether or not superconducting correlations vanish in such a layer in the limit of small mean free path and what is the orbital structure of the superconducting state in the interface region.
Surface peculiarities in d-wave superconductors were extensively discussed in the framework of the theoretical models based on specular quasiparticle reflection from clean interfaces [ 11-[4] . Zero-and finite-bias anomalies predicted in these papers were recently observed experimentally in [6] . In this paper we focus on the problem of the anomalous proximity effect between a d-wave superconductor and a thin disordered layer in the limit of strong disorder. It is shown that an isotropic order parameter is nucleated in such a layer even in the absence of the subdominant pairing interaction in the s-wave channel. The spatially-resolved quasiparticle density of states is calculated. It is shown that zero-and finiteenergy peaks are present in the surface density of states in the d-wave region. Zero-energy peaks are fully smeared out in the disordered layer, which is ' in a peculiar gapless superconducting state.
THE MODEL
Two approaches to the study of surface roughness effects in unconventional superconductors were used previously. In the first one it is assumed that the interface consists of facets with random orientations compared to the crystallographic axes of the material [4] . According to the second approach, both sides of an ideal interface are coated by a so-called Ovchinnikov's thin disordered layer [3], [7, [8] . In the latter case the degree of disorder (or interface roughness) is measured by the ratio of the layer thickness d to the quasiparticle mean free path in the layer 1. Up to now both approaches were used to study the smearing of Andreev surface bound states by weak disorder. Here we will concentrate on the regime of strong disorder. We consider the surface or a weakly transparent barrier in a d-wave superconductor oriented normal to the crystallographic ab plane. We assume that the crossover from the clean to the dirty limit takes place in a thin layer near the surface with mean free path 1 and thickness d < m, where to is the coherence length of the bulk material.
To study the proximity effect at the interface we use the quasiclassical Eilenberger equations [9] with impurity scattering taken in the Born limit. As is shown in [lo], the problem is reduced to the solution of the Eilenberger equations 
and with the boundary condition at x=O derived in [IO] (3)
Here the order parameter @+ = (f ( 8 ) +f (8 present both in (1) and in the boundary condition (3). However, since the pair potential is spatially-dependent, the above cancellation is incomplete and the s-wave component (O+ (x,O)) nucleates at the interface.
As suggested in [4] , [ 111 an s-wave component of the order parameter may nucleate at the surface of a d-wave superconductor if there is a subdominant bulk pairing interaction in the s-wave channel. It is shown above that the nonzero s-wave component is localized near the rough interface even if the bulk interaction is purely d-wave. In the whole temperature range the amplitude of the s-wave component (@+) induced into the disordered layer (see Fig.2 ) is an order of magnitude smaller compared to the amplitude of the order parameter in the bulk superconductor. That means that (g(0)) is close to unity for all temperatures.
Thus, taking into account that (g (0)) is independent of the Matsubara frequencies and that To demonstrate this behavior explicitly we have calculated the density of states in the disordered layer by numerical integration of (1) -( 3 ) on the real energy axis with the substitution w = -is in these equations. The results of calculations of the normalized density of states for a=O are presented in Fig.4 . It is seen that the density of states in the disordered layer is gapless and has a number of singularities at energies below the maximum bulk pair potential. These peaks are signatures of the Andreev bound states at finite energies which are due to quasiparticles trapped in the surface region with the reduced pair potential A(n).
Note that in the present case of extreme surface roughness there is no midgap (zero-energy) peak in the density of states in the disordered layer since incoming and outgoing trajectories are completely uncorrelated. However this peak develops for a 4 with the decrease of the degree of roughness r (Fig.4) . In general the quasiparticle reflection from the interface may be treated in terms of the diffusive, r, and the specular, 1-r, components. The details of the calculations will be presented elsewhere. The limit r=O corresponds to the case of specular interface when zero-bias peak in the density of states develops for certain values of a and 8 (see [2] , [3] ).
The present model can be applied to the calculation of the Josephson supercurrent in the junctions based on d-wave superconductors (D) with rough interfaces. Let us consider . , . , . , . , . , . , , , 
Here t is the barrier transmission coefficient and R , is the The effects of surface roughness in d-wave superconductors are described theoretically by introduction of a surface layer with small electronic mean free path. It is shown that the isotropic superconducting state is realized in such a layer. The surface density of states is gapless and exhibits a number I " " " of finite bias peaks, while the midgap peak appears only at smaller roughness parameter. The nonmonotonous temperature dependence of the critical current in DID and DcD Josephson junctions with rough interfaces is predicted.
